The unique dispersive and nonlinear properties of air-silica microstructure fibers lead to supercontinuum generation at modest pulse energies. We report the results of a comprehensive experimental and numerical study of the initial stages of supercontinuum generation. The influence of initial peak power on the development of a Raman soliton is quantified. The role of dispersion on the spectral development within this pre-supercontinuum regime is determined by varying the excitation wavelength near the zero dispersion point. Good agreement is obtained between the experiments and simulations, which reveal that intrapulse Raman scattering and anti-Stokes generation occur for low power and short propagation distance. Russell, and G. Korn, "Experimental evidence for supercontinuum generation by fission of higher-order solitons in photonic fibers," Phys. Rev. Lett. 88, 173901-173903 (2002). 11. N. Akhmediev and M. Karlsson, "Cherenkov radiation emitted by solitons in optical fibers," Phys. Rev. A 51, 2602-2607 (1995).
Introduction
The large effective nonlinearity and near-visible zero group-velocity-dispersion (GVD) wavelength make air-silica microstructure fibers (ASMF) an ideal system for investigating and exploiting optical nonlinearities in fused-silica. In fact, supercontinuum generation has been demonstrated with these fibers using ultrashort pulses of~1 nJ energy [1] . The role of each distinct nonlinear effect during supercontinuum generation may be strongly dependent on the excitation pulse properties and the fiber dispersion. Quantifying this dependence is required if the generated supercontinuum is to be exploited. To this end, we have performed an experimental and numerical investigation of ultrashort pulse propagation in ASMF as a function of input peak power, P 0 , and excitation center wavelength, λ 0 . This study provides an understanding of the fundamental nonlinear processes that dominate the spectral evolution in the low power (P 0 <1000 W) pre-supercontinuum regime, thus providing insight into the transition to the supercontinuum regime.
The ASMF used consists of a hexagonal lattice of holes with diameter~1400 nm in a fused-silica fiber. The core is a solid region of diameter~1600 nm at the center of the lattice. Hyperbolic secant 2 pulses of 110 fs duration (intensity full-width at half maximum) generated from a Kerr-lensed mode-locked Ti:sapphire laser were launched into a 1.7 m length of ASMF. The specific fiber geometry, which is described in Ref.
[1], yields a zero GVD wavelength at λ ZGVD =767 nm. Second-harmonic-generation frequency-resolved optical gating (SHG FROG) [2] was used to measure the input pulse intensity and phase. The resulting output light was analyzed using a background-free intensity autocorrelation measurement and a spectrometer.
Numerical solutions to the nonlinear Schrödinger equation (NLSE) were found using the split-step Fourier method [3] with the FROG retrieved field as E(z=0,t). Care was taken to include the full temporal response of the third-order electric susceptibility in the NLSE used for our simulations [4] : 
where z is the direction along the fiber length, α is the absorption coefficient, β m is the m th dispersion coefficient, γ is the effective nonlinearity, ω 0 is the pulse center frequency, f R is the relative strength of the Raman contribution and E(z,t) is the pulse complex temporal envelope. The nonlinear susceptibility has two dominant time scales: a fast component that contributes to self-phase modulation (SPM) and four-wave mixing (FWM), and a slow component that is the origin of stimulated Raman Scattering (SRS). Since the initial pulse duration for the experiment was~100 fs, the fast component of the response is treated as instantaneous while the non-instantaneous portion of the response is written in terms of the SRS temporal response h R (t). An approximate form of h R (t) is used for our simulations [5] . Thus, Eq. (1) includes the effects of absorption, higher-order dispersion, SPM, SRS and self-steepening. Specific values were α~10 dB/km, γ~0.07 (W m) -1 and the β m were evaluated for each λ 0 using the measured dispersion [1]. For instance, β 2 =-2.5×10 -6 fs 2 /nm, β 3 =6.0×10 -5 fs 3 /nm, β 4 =-3.1×10 -5 fs 4 /nm, β 5 =7.4×10 -5 fs 5 /nm and β 6 =-6.2×10 -4 fs 6 /nm for λ 0 =780 nm. The simulation temporal and spectral resolution was typically δt=0.85 fs and δλ=0.31 nm respectively.
Intrapulse Stimulated Raman Scattering and Anti-Stokes Generation
The behavior of the Raman soliton is sensitive to input power and dispersion, thus modeling it accurately is a strenuous test of the simulation. Furthermore, the input peak powers for observing the Raman soliton span the pre-supercontinuum regime to the supercontinuum regime. The nonlinearities involved are therefore important in both regimes. Figure 1 shows the development of the Raman soliton as a function of P 0 for λ 0 =780 nm. The presence of the Raman soliton is due to intrapulse SRS [6] which is related to the soliton self-frequency shift [7] . Both the numerical and measured spectra show the formation of a weak, shorterwavelength (λ<λ 0 ) peak, called here the anti-Stokes component, at λ as~7 20 nm. Anti-Stokes generation has been observed for similar initial pulse durations in Ref. [8] , and has been attributed to coupling between SRS and parametric FWM [9] . Also, anti-Stokes generation has been explained in terms of the fission of higher-order solitons into blue-shifted nonsolitonic spectral components [10] , a process related to Cherenkov radiation in optical fibers [11] . Although we do not propose a physical model for anti-Stokes generation, our simulations complement the referenced work by showing the explicit dependence of the antiStokes wavelength on the value of the third-order dispersion coefficient β 3 .
(a) (b) Numerical simulations show that both intrapulse SRS and anti-Stokes generation are observed after a short propagation distance. This is illustrated in the movie of spectral development with propagation distance (z) in Fig. 2 . For short distances the spectrum exhibits features due to SPM. Later, the Raman soliton and anti-Stokes component are formed after z=0.289 m. The soliton is further red-shifted due to continuous intrapulse SRS. Interestingly, at z=1.139 m more anti-Stokes components emerge from the initial anti-Stokes component and are further blue-shifted as the Raman soliton is red-shifted.
The temporal development for the same initial pulse also illustrates the formation of the Raman soliton. As seen in Fig. 3 , the initial 110 fs pulse is compressed to 12 fs at a distance of z=0.187 m. This short pulse duration and higher peak power is well handled by the simulation as evidenced by the excellent numerical and experimental agreement of Fig. 1 . The final soliton duration after 1.7 m is 60 fs, which is delayed from the residual pulse by 3300 fs. Both the numerical soliton duration and separation correspond well to intensity autocorrelation measurements [6] . 
Behavior of the Anti-Stokes Components
The precise excitation center wavelength is of importance for supercontinuum generation since FWM components may be phase matched for λ 0 ≈ λ ZGVD . The sensitivity to λ 0 is a direct consequence of the effects of dispersion. As seen in Fig. 4(a) , the observed anti-Stokes components became more intense as λ 0 was decreased from 820 nm to 770 nm. This observation is consistent with the numerical simulations of Fig. 4(b) . The influence of the center wavelength on the anti-Stokes component is revealed by the solutions to the NLSE. Figure 5 shows the spectral development of a 110 fs input pulse with λ 0 =806 nm and P 0 =440 W, which is to be compared with Fig. 2 . This center wavelength is one of the longest that generates an observable anti-Stokes component. Again, intrapulse SRS is prevalent, however, the anti-Stokes component formed after z=0.187 m is of lower intensity compared to the λ 0 =780 nm results. The question arises whether the new spectral components are due to phase-matched FWM terms. The formation of the anti-Stokes component may be due to partially degenerate FWM since the component appears as the input center wavelength is shifted to λ ZGVD . For partially degenerate FWM a Stokes component (in addition to the Raman soliton) is expected along with the anti-Stokes component. The wavelength of the Stokes component can be determined using energy conservation. For example, the λ 0 =770 nm spectrum of Fig. 4 has an anti-Stokes component at λ as =714 nm. The corresponding Stokes component should be near λ s =860 nm, however, there is no experimentally observed feature at this wavelength. In fact, the phase mismatch is not zero using λ as =714 nm, λ 0 =770 nm and 770 nm<λ s <860 nm. Thus, the generation of the anti-Stokes component is not due to partially degenerate FWM since the observed spectral components do not satisfy energy and momentum conservation. It is possible that the anti-Stokes component may be a result of other FWM processes. Evidence for other origins of anti-Stokes generation is the focus of our ongoing research.
The numerical simulations show that the early formation of the anti-Stokes component is strongly dependent on the third-order dispersion coefficient (cubic dispersion). As seen in Fig. 6(a) , the wavelength of the anti-Stokes component is significantly altered by varying β 3 while keeping all other β m constant. These observations are consistent with the conclusions of Ref. [11] . The simulations illustrate that the absence of β 3 prevents the formation of the antiStokes component. In fact, for β 3 = −β 3,ASMF there is no anti-Stokes component but a new Stokes component appears.
The simulations also demonstrate that SRS has little influence on the early formation of the anti-Stokes component. However, anti-Stokes components that form after z=1.139 m are more sensitive to SRS. This is illustrated in Fig. 6(b) , where the top plot shows the spectrum at z=0.30 m while the bottom plot is at z=1.70 m. For z=0.30 m the presence of SRS has little impact on the initial anti-Stokes component, while at z=1.70 m SRS contributes to the later anti-Stokes components. 
Conclusions
We have experimentally observed and numerically confirmed that multiple nonlinear mechanisms are occurring simultaneously during pulse propagation in ASMF. Both intrapulse SRS and anti-Stokes generation occur early in fiber propagation. Furthermore, the influence of the excitation center wavelength on anti-Stokes generation has been shown for center wavelengths near the zero GVD wavelength. The formation of the anti-Stokes component is not due to partially degenerate FWM, however it is strongly dependent on the specific fiber cubic dispersion. These results are of significance for the pre-supercontinuum regime since the anti-Stokes component contributes largely to the short-wavelength portion of the spectrum while intrapulse SRS contributes to the long-wavelength portion. Clearly, these results further the understanding of the nonlinear processes that occur within the supercontinuum regime.
